I. INTRODUCTION
SE OF THE PHASED arrays of printed antennas is be-U coming increasingly popular mainly due to the monolithic MIC concept, where active devices and radiating elements are integrated on the same layer of a dielectric substrate. Recently some attempts have been made to analyze this new class of phased arrays of printed antennas. The scan blindness in an infinite phased array of printed dipoles was studied in [l] using the moment method. The effects of substrate parameters and grid spacing on the performance of an infinite array of rectangular microstrip patches were reported in [2] . However, the infinite array model is valid only for elements which are well away from the edges of a finite array. Furthermore, the infinite array solution does not account for edge effects of a finite array. Thus the study of finite phased arrays yields more practical information than the study of infinite arrays. Using an element by element approach, various aspects like reflection coefficient, element patterns, effect of dielectric cover and surface wave efficiency of finite phased arrays of rectangular microstrip patches are studied in [3], [4] . This paper describes a solution to the problem of a finite planar array of circular microstrip patches fed by coaxial probes. The present approach is an application of the method described in 131 to the problem of two-dimensional finite array of circular patches. The self-and mutual impedances between the elements of the array antenna are calculated using the moment method. Using circular symmetry of the radiating elements the expression for the mutual impedance is reduced to a single semi-infinite integral. This results in considerable saving in computation time. Assuming that only one 
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t , patch is excited at a time and other feed probes open-circuited, the patch currents are determined using the reaction integral equation in conjunction with the method of moments. Following the principle of superposition, the resultant patch currents when all patches are excited are then calculated. The active input impedance and element pattern of the array are computed from a knowledge of the resultant patch currents. The computed results for the mutual coupling between two circular patches are compared with experimental data. The mutual coupling between the patches of an eight-element linear array is also calculated and compared with experimental data. The active reflection and the element pattern as function of scan angle for four array sizes are computed.
11. THEORY Fig. 1 shows the geometry of a finite array of circular microstrip patches identically excited by coaxial probes. The patches are assumed to be of diameter 2a and embedded in a grounded dielectric slab of thickness d. The patches are uniformly spaced by distances dx in the x-direction and dq in the ?-direction, 010 is assumed to be the angle between the x-and 9 -axes.
The effect of multiple interaction between the radiating patches can be studied from a knowledge of the mutual impedance between the patches. Consider the ith and jth patches as shown in Fig. 2 Since the microstrip patch is a high Q circuit, near the first resonance the current distribution over the patch can be well approximated by a single dominant mode. Hence the current expansion on the patch can be written as 
B1(.) is
TABLE I MUTUAL COUPLING BETWEEN THE ELEMENTS OF AN EIGHT-ELEMENT LINEAR MICROSTRIP DISK ARRAY WITH LEFTMOST ELEMENT EXCITED
The equations (6) can be solved for the unknown patch currents Z'f , I $ , . . . , Z i z due to excitation at the kth patch. Using the principle of superposition, the resultant current on the ith patch when all patches are excited is obtained as A . Active Input Impedance patch is obtained from Using (7) and (8), the active input impedance at the ith
where X , is the probe reactance [lo] . If each element is conjugate-matched to its broadside impedance, then the input reflection coefficient at the ith patch can be calculated from where the asterisk indicates complex conjugate.
B . Active Element Pattern
The active element pattern of the ith element is obtained by considering the probe excitation at the ith patch only (i.e., Z p = 1 A), and keeping the other probes open-circuited. where Eo(0, 9) is the radiation pattern of the isolated patch.
RESULTS AND DISCUSSION
In (12) it is assumed that only patch #1 is excited. The port impedance matrix is then obtained as [3] In order to verify the present theory, a few examples for (13) which the results are already available are considered first. From a knowledge of the port impedance matrix, the scattering matrix for a two-element array is obtained as where Using (15), S12 is computed for E-and H-planes and presented in Fig. 3 along with the experimental results [7] . The ripples in the mutual coupling, especially in the E-plane, are due to inaccuracy involved in the numerical integration of expression (3). As the element spacing becomes large the integrand in (3) varies rapidly, and a large number of points in the numerical integration are required to obtain accurate value of mutual impedance. In the present problem the number of points in the numerical integration are selected such that the computation time is not excessive and the error is within desired limits.
B . Mutual Coupling in an Eight-Element Linear Array
Extending the analysis to an eight-element linear array of circular patches, mutual coupling for the E-and H-planes are computed and compared with the experimental data [7] in Table I. The measurements on the eight-element linear array was done by exciting element #1 and measuring coupling between element #1 and each of the other seven elements. There is good agreement between the mutual coupling calculated by the present method and the experimental data as far as the E-plane coupling is concerned. However, the results for the H-plane coupling could not be compared with experimental results due to nonavailability of measured data. From comparison of the results for the finite and infinite arrays it is found that for small scan angles (angles less than 50 degrees) the finite array with size 7 x 7 or more closely approximate the infinite array as far as centrally located elements are concerned. However, clear scan blindness is not observed in the case of finite arrays.
C . Reflection Coefficient and Element
The active reflection coefficient magnitude for several offcentered elements is also presented in Figs. 5(a) and 5(b). From these plots it is clear that the edge elements are less mismatched compared to the centrally located elements. 31. Using (1 l), the active element pattern of the center element for four different array sizes is computed and presented in Figs. 6(a), 6(b). The active element pattern in the E-plane deviates from the isolated element pattern. This is due mainly to the array factor. The phase distribution over the array surface in the E-plane is such that it strongly favors radiation in the endfire direction. It is also observed that there are ripples in the active element pattern. These ripples may be attributed to the constructive and destructive interference between the elements of the finite array.
IV . CONCLUSION
An element by element approach has been used to analyze a finite array of circular patches. Expressing the current distribution on the patches in terms of a single dominant mode expansion function, expressions for the active reflection coefficient and element pattern are obtained. The experimental data for two-and eight-element linear arrays have been compared with the calculated results. Numerical data on the active reflection coefficient and element pattern for various array sizes have been presented and compared with the results for an infinite array antenna. From these results it may be concluded that a finite array of sizes (7 x 7) or more may well be approximated by an infinite array.
